Genomic stability depends on faithful genome replication. This is achieved by the concerted 29 activity of thousands of DNA replication origins (ORIs) scattered throughout the genome. In 30 spite of multiple efforts, the DNA and chromatin features that determine ORI specification are 31 not presently known. We have generated a high-resolution genome-wide map of ORIs in 32 cultured Arabidopsis thaliana cells that rendered a collection of 3230 ORIs. In this study we 33 focused on defining the features associated with ORIs in heterochromatin. We found that 34 while ORIs tend to colocalize with genes in euchromatic gene-rich regions, they frequently 35 colocalize with transposable elements (TEs) in pericentromeric gene-poor domains.
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obviously rendered an underestimation of ORIs mapping to these regions but it provided a 111 more confident dataset of ORIs responsible for heterochromatin replication (Fig. 1A) . 
129
Our analysis showed that ORIs have a strong preference to colocalize with genes. Out of 130 a total of 3230 ORIs in the entire genome (Table S1 ), 2888 (89.4%) colocalized with genes 131 6 and 161 (4.9%) with TEs ( Figure 1B; Fig. S1 ; Table S2 ), a result in accordance with our 132 previous overall analyses (Costas et al. 2011 overrepresented in Gypsy elements also in non-pericentromeric regions (Fig. 2B,C) . 
169
Moreover, the complete lack of ORIs in Helitrons, which account for more than 18% of the 170 TEs in pericentromeric regions, also shows that this is not the case. Analysis of the multihit 171 sequences revealed similar results ( Fig. S2 ), indicating that the lack of ORIs in Helitrons is 172 not due to a bias derived from sequence alignments problems. Together, these observations 173 demonstrate that when ORIs associate with TEs they have a significant preference to 174 colocalize with retrotransposons and specifically Gypsy elements, whereas they tend to be 175 excluded from DNA transposons, in particular from Helitron elements. as ORIs. This analysis also showed that an ORI located at a TE in a chromosome arm is 196 active in cultured cells, even when another stronger ORI is in the neighborhood, less than 197 ~70 kb apart.
198
We also wanted to evaluate the activity of different ORI-TEs according to the TE family 199 they colocalize with. Thus, we chose to validate and analyze in asynchronous cells, four 238 cultured cells (Di Franco et al. 1992) . Therefore, we determined the RNA levels across the 239 ORI-containing region in each of the TEs selected previously. Our data showed that the 240 RNAs derived from these elements were below detectable levels in all cases (Fig. S3 ).
241
Similar results were obtained using either polyA-containing RNA or total RNA (Fig. S3 ).
242
Furthermore, it is worth noting that the Athila elements, members of the 
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which do not colocalize with ORIs, to contain lower levels of C methylation for the three 267 sequence contexts, whereas Gypsy elements, the most ORI-enriched TEs, showed higher 268 methylation level (Fig. S4 ). This is in line with previous reports that showed that Helitrons 269 tend to be less heavily methylated than Gypsy elements in Arabidopsis (Ahmed et al. 2011 . Thus, we also asked whether the presence of G4 was a 278 determinant factor in the distribution of ORIs in Arabidopsis cells. We found first that G4 279 motifs are far more frequent in TEs than in genes whereas ORIs highly prefer a 280 colocalization with genes. Second, most G4 motifs occur in a TE family known as ATREP18,
281
which contains a canonical telomeric repeat (Cardenas et al. 2012) and that is also found in 282 pericentromeric regions. This family is included within the annotation class "DNA/Other" that 283 contains less than ~1% of all ORI-TEs (Fig. S5) . Third, and perhaps more relevant, both
284
Gypsy and Helitron elements contain a very similar fraction of G4 motifs whereas they show 285 an opposite preference to contain ORI-TEs (Fig. S5) 
319
containing TEs tend to be in the chromatin state 9, independently of their family (Fig. 4A,   320 right panel).
321
The main feature distinguishing the two heterochromatic states is the GC content, which is 322 higher in chromatin state 9. In fact, this is a striking difference between TEs since the families 323 that tend to contain ORIs (Gypsy, Copia and LINE) have a higher than genome average GC 324 content. For instance, Gypsy elements contain 42.1% GC, the highest among TEs, 325 compared with the 36.5% average GC content of the Arabidopsis genome (Fig. S6 ). On the 326 contrary, Helitron elements are characterized by having a very low GC content (24.2%; Fig. 
327
S6). These differences in GC content do not have any impact on the potential to form G4 328 structures, as shown earlier, although they may have a direct impact on nucleosome 329 organization (Liu et al. 2015; Zhang et al. 2015) . Importantly, however, calculation of the 330 average GC content of TEs that contain ORIs revealed that it was statistically significantly 331 higher than in TEs of the same family that do not contain ORIs (Fig. 4B ). This clearly 332 suggests that a high GC content behaves as a determinant for ORI preference also at 333 heterochromatic loci.
335

ORI-TE activity is maintained with high H3K9me2 levels
336
The association of ORI-TEs with a heterochromatin state is somehow surprising as most 337
ORIs are located within genes that colocalize with euchromatic marks found in very different 338 chromatin states (Sequeira-Mendes et al. 2014) . Even though we have already shown that 339 transcription at ORI-TEs is not reactivated in cultured cells (Fig. S3 ) as chromatin may 340 14 undergo changes in some cultured cells (Chupeau et al. 2013 ), we decided to analyze the 341 chromatin marks associated with ORI-TEs in the Arabidopsis MM2d cultured cells.
342
We first looked at the overall levels of H3K9me2 and H3K27me1, two typical 343 heterochromatic marks that strongly contribute to maintaining the silenced state of TEs in 
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Two biological replicates and three technical replicates were evaluated. The mean values ± 359 standard error of the mean is plotted. The codes for the primer pairs used to identify each 360 TE, according to the list in Supplementary Table 5 , are: A, AT2TE13970; B, AT4TE16735; C,
361
AT2TE16335; D, AT4TE17050; E, AT4TE16726-2; F, AT4TE16726-3; G, AT1TE62820-3; H, 362 AT1TE62820-5; I, AT2TE15565-2; J, AT2TE15565-3; K, AT4TE03295.
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To determine more precisely the levels of H3K9me2 and H3K27me1 marks in cultured 364 cells we performed ChIP and analyzed a subset of TEs containing a functional ORI. Although
365
Helitron elements are not associated with ORIs, we also evaluated some Helitron elements 366 located in the two heterochromatin states (AT-rich and GC-rich chromatin states 8 and 9, 367 respectively). In all cases we normalized the measurements to the local H3 content 368 determined by ChIP with anti-H3 antibody. We found that, in all the examples analyzed, the 369 Gypsy and LINE elements (GC-rich heterochromatin state 9) contain a high level of 370 H3K9me2 (Fig. 5B) . We also found that in general the H3K9me2 level was higher in 371 retrotransposons than in Helitron elements, independently of their chromatin state (Fig. 5B) , 
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The short replication intermediates used in the ORI activity qPCR assays were purified DNase I (Roche) and 1 µg was reverse-transcribed with SuperScript III (Invitrogen) using an 470 oligo-dT primer (mRNA) or random hexamers (total RNA). Two microliters of a 3-fold diluted 471 cDNA reaction were used as template in qPCR, and the primers listed in Table S5 . 
